Recent results from direct and indirect searches for dark matter (DM) have motivated the study of particle physics models that can provide weakly interacting massive particles (WIMPs) in the mass range 1 − 50 GeV. Viable candidates for light WIMP DM must fulfil stringent constraints. On the one hand, the observation at the LHC of a Higgs boson with Standard Model properties set an upper bound on the coupling of light DM particles to the Higgs, thereby making it difficult to reproduce the correct relic abundance. On the other hand, the recent results from direct searches in the CDMSlite, SuperCDMS and LUX experiments have set upper constraints on the DM scattering cross section. In this paper, we investigate the viability of light right-handed sneutrino DM in the Next-to-Minimal Supersymmetric Model (NMSSM) in the light of these constraints. To this aim, we have carried out a scan in the NMSSM parameter space, imposing experimental bounds on the Higgs sector and low-energy observables, such as the muon anomalous magnetic moment and branching ratios of rare decays. We demonstrate that the enlarged Higgs sector of the NMSSM, together with the flexibility provided by the RH sneutrino parameters, make it possible to obtain viable RH sneutrino DM with a mass as light as 2 GeV. We have also considered the upper bounds on the annihilation cross section from Fermi LAT data on dwarf spheroidal galaxies, and extracted specific examples with mass in the range 8 − 50 GeV that could account for the apparent low-energy excess in the gamma-ray emission at the Galactic Centre. Then, we have computed the theoretical predictions for the elastic scattering cross-section of RH sneutrinos. Finally, after imposing the recent bounds from SuperCDMS and LUX, we have found a wide area of the parameter space that could be probed by future low-threshold direct detection experiments.
Introduction
Weakly-interacting massive particles (WIMPs) are appealing candidates to account for the dark matter (DM) of the Universe, since they can be thermally produced in a quantity that agrees well with current observations. WIMPs can be searched for through their scattering off nuclei in the targets of underground direct detection experiments. Other experiments are looking for the annihilation products of WIMPs in the galactic halo as indirect evidence of the DM paradigm. Finally, the Large Hadron Collider (LHC) is probing models for new physics at the TeV scale, thereby putting many WIMP scenarios for DM to the test.
Various direct detection experiments have reported signals that could be interpreted in terms of light WIMPs with a mass of order 5-20 GeV. In particular, the DAMA collaboration observed an annual modulation in the detection rate [1] that has been later confirmed with an extended version of the experiment, DAMA/LIBRA [2] . Later, the CoGeNT [3, 4] and CRESST [5] collaborations also reported irreducible excesses over their known backgrounds. In the case of CoGeNT, the signal has also been observed to display an annual modulation with a significance of order 2 σ [6, 7] , and the latest data would be compatible with a WIMP mass of order 12 GeV and a WIMP-nucleon elastic scattering cross-section of order σ SI ≈ 2×10 −6 pb [8] (somewhat lower than previously observed [4] ). Adding excitement to the field, a recent analysis of the data taken with the silicon detectors of the CDMS II experiment [9, 10] resulted in three candidate events. Despite not being statistically significant to make any discovery claim, the reconstruction of WIMP parameters corresponding to the CDMS II signal could also point towards light WIMPs.
However, these results are in conflict with the non-observation of DM signals in other detectors, such as SIMPLE [11] , KIMS [12] , a combination of CDMS and EDELWEISS data [13] , XENON10 [14] , and XENON100 [15, 16] , from which upper constraints on σ SI can be derived. The most stringent bounds have been obtained with LUX [17] , CDMSlite [18] and SuperCDMS [19] experiments. LUX excludes σ SI > ∼ 10 −9 pb for WIMPs with a mass of order 30 GeV. On the other hand, CDMSlite and SuperCDMS dominate for low-mass WIMPs, setting σ SI > ∼ 10 −5 pb for WIMPs with m DM ≈ 6 GeV. The situation regarding light WIMPs might be clarified in the near future, since several direct detection experiments will be able to further probe the low-mass window more precisely either using light targets, but mostly through a reduction in the energy threshold. Such could be the case of the SuperCDMS proposal for a detector in SNOLAB, which could probe light WIMPs with a scattering cross-section as small as approximately 10 −8 pb for m DM 8 GeV. In this sense, it is necessary to understand which theoretical models can be tested.
Further motivation for very light WIMPs has been found in data from indirect dark matter searches. In particular, it has been argued that Fermi LAT observations of the gamma ray flux from the Galactic Centre (GC) show a small excess at low energies that could be explained in terms of DM particles [20] [21] [22] [23] [24] [25] [26] [27] with a mass in the range 10 − 60 GeV, depending on the specific annihilation channel, and an annihilation cross-section which is remarkably close to that expected for a thermal WIMP. For instance, the observed spectrum is well fit by 31 − 40 GeV DM particles annihilating to bb [28] . Nevertheless, these studies involve the subtraction of an astrophysical background on which there might be significant uncertainties. In fact, indirect detection experiments have provided data that constrain low mass WIMPs. The results of Fermi LAT searches for gamma rays in dwarf spheroidal (dSph) galaxies and the centre of the Galaxy can be interpreted as a lower bound on "thermal" DM candidates (i.e., those for which the annihilation cross-section in the early Universe is σv ≈ 3 × 10 −26 cm 3 s −1 ) [23, [29] [30] [31] [32] [33] that constrain especially light WIMPs. Similar bounds have also been obtained from studies of the diffuse gamma ray emission [34] [35] [36] [37] [38] and from an analysis of the Andromeda galaxy [39] .
Constraints on light WIMPs can also be derived from the results of the first years of operation of the Large Hadron Collider (LHC). The observation of a Higgs boson with a mass of approximately 126 GeV [40] [41] [42] [43] and couplings very similar to those predicted by the SM entails an upper limit on the invisible branching ratio of the SM Higgs, BR(h 0 SM → inv) 20% − 30% [44-52], which applies to the possible decay into light DM particles, limiting their coupling to the SM Higgs boson. Due to the correlation between diagrams that contribute to the DM annihilation (and therefore relic density) and direct detection, it has been shown in several examples that if the SM Higgs is the only mediator between the DM and the SM particles (e.g., a Higgs portal) then the current constraint on BR(h 0 SM → χχ) rules out very light WIMPs (which would otherwise be consistent with CDMS II Silicon and CoGeNT data). This correlation can be broken in models with an extended Higgs sector (e.g., non-minimal Supersymmetric models) in which the DM couples to a non-SM-like Higgs. This is the case of the Next-to-minimal Supersymmetric Standard Model (NMSSM).
WIMP DM can be easily accommodated in particle models for physics beyond the Standard Model (SM). A paradigmatic example is Supersymmetry (SUSY), a framework in which the lightest supersymmetric particle (LSP) can be stable if R-parity is unbroken. The lightest neutralino,χ 0 1 , is generally considered as the natural DM candidate. It has been shown that in specific corners of the parameter space of the Minimal Supersymmetric Standard Model (MSSM) the experimental bounds can be circumvented in order to obtain solutions with mχ0 1 > ∼ 10 − 15 GeV [53] [54] [55] [56] . In the Next-to-Minimal Supersymmetric Standard Model (NMSSM), the extended Higgs sector makes it possible to lower this bound to mχ0 1 ∼ 5 GeV [57] [58] [59] . However, in both scenarios the regions of the parameter space in which these can appear are very fine-tuned, mostly in order to obtain the correct relic abundance.
In this article, we consider an extension of the NMSSM with RH neutrino and sneutrino states [60, 61] . This construction features two singlet superfields, as in Refs. [62, 63] . A singlet superfield, S, is the usual NMSSM scalar Higgs which addresses the µ problem [64] and provides extra Higgs and neutralino states, while an additional singlet superfield, N , accounts for RH neutrino and sneutrino states. In this scenario, the RH sneutrino can be a viable WIMP dark matter candidate for a wide range of masses [60, 61] provided that it is the lightest supersymmetric particle (LSP). In particular, in Ref. [65] , it was shown that light RH sneutrinos, with masses below 10 GeV could be obtained.
In the light of the experimental results enumerated above, we study the RH sneutrino phenomenology in the NMSSM as a light DM candidate. We demonstrate that the enlarged Higgs sector of the NMSSM, together with the flexibility provided by the RH sneutrino parameters, make it possible to obtain viable RH sneutrino DM with a mass as low as 2 GeV. We obtain specific examples for which a RH sneutrino with a mass in the range 8 − 50 GeV can account for the apparent low-energy excess in the gamma-ray emission at the Galactic Centre. Finally, we evaluate the impact of the recent results from direct DM searches in the LUX and SuperCDMS experiments. We show that a wide area of the parameter space survives which could be probed by future low-threshold experiments. This paper is organised as follows. In Section 2, we review the basic features of the NMSSM with RH sneutrinos and briefly describe some aspects about its DM phenomenology. In Section 3, we investigate the viability of the RH sneutrino as a low-mass WIMP. With this purpose, we perform a scan over some parameters of the model and identify the dominant annihilation channels, taking into account the most recent experimental constraints from the Higgs sector, low energy observables and DM abundance. We also compute the spinindependent scattering cross-section of the RH sneutrino-nucleon. Afterwards, we analyse the resulting configurations of the parameter space and compare them with the exclusion limits set by direct and indirect detection experiments. Finally, in Section 4 we present our conclusions.
2 Right-handed sneutrino in the NMSSM The model, described in Refs. [60, 61] , is an extended version of the NMSSM, in which a right-handed neutrino superfield N , singlet under the SM gauge group, is added in order to account for RH neutrino and sneutrino states. The superpotential of this construction is given by
where flavour indices are omitted and the dot denotes the antisymmetric SU (2) L product. W NMSSM is the NMSSM superpotential, λ N is a new dimensionless coupling, y N is the neu-trino Yukawa coupling, and H 1,2 are the down and up type doublet Higgs components, respectively. As in the NMSSM, a global Z 3 symmetry is imposed so that there are no supersymmetric mass terms in the superpotential. Since we assume R-parity conservation in order to guarantee the stability of the LSP, the terms N N N and SSN are forbidden. Furthermore, we do not consider CP violation in the Higgs sector 1 .
The Lagrangian, with the corresponding soft SUSY-breaking terms, reads
where L NMSSM is the NMSSM Lagrangian, to which we add a soft mass term for the RH sneutrino, mÑ , and two new trilinear soft terms A λ N and A y N .
After radiative electroweak symmetry-breaking the Higgs fields get non-vanishing vacuum expectation values (VEVs). The physical CP-even and CP-odd Higgs eigenstates can be expressed as a linear superposition of the H d , H u and S fields. For the CP-even Higgs we will use the following decomposition,
The VEV of the singlet Higgs, v s , induces an effective µ parameter, µ = λv s , and a Majorana mass term for the RH neutrinos, M N = 2λ N v s , both of which are of the order of the electroweak scale [60] . In order to reproduce the light left-handed (LH) neutrino masses, the see-saw mechanism relation implies that y N has to be similar to the electron Yukawa, y N ∼ 10 −6 , typical value of a low-scale see-saw mechanism. This leads to a very small left-right mixing in both the neutrino and sneutrino sectors and consequently the mass eigenstates can be identified with the LH and RH components. The smallness of y N has interesting implications for collider physics, such as the occurrence of displaced vertices (due to the late decay of RH neutrinos) or charged tracks (from long-lived staus) [68] , but it is otherwise not important for DM phenomenology.
Regarding the sneutrino sector, the lighter RH sneutrino mass, mÑ 1 , can be expressed in terms of the rest of the parameters as follows [65] , 4) where the sign in front of 2λ N is chosen opposite to the sign of A λ N v s + (κv 2 s − λv 1 v 2 ) † . It was shown in Refs. [60, 61] that the RH sneutrino can be a viable candidate for WIMP DM, reproducing the correct relic abundance for a wide range of masses, including cases in which the RH sneutrino is very light [65] . The flexibility of this construction stems from the fact that the new free parameters (λ N , mÑ , A λ N ) can be chosen to fix the RH sneutrino mass and its coupling to the singlet Higgs boson without affecting the rest of the NMSSM spectrum. Without loss of generality, we can choose the physical mass of the RH sneutrino, mÑ 1 , as a free parameter (and determine the soft mass accordingly). This is the approach that we have followed in this paper, hence our sneutrino parameter space is defined by (λ N , mÑ
The RH sneutrino couplings to Higgses and neutralinos arise from the SN N term in the superpotential and Lagrangian. The strength of the interaction is therefore dependent on the value of λ N and A λ N . For suitable values of λ N and A λ N , this interaction is of the order of the electroweak scale, thereby making the RH sneutrino a WIMP candidate. The RH sneutrino annihilation channels include at tree level the following possibilities: The processes suppressed by the neutrino Yukawa (such as s-channel sneutrino annihilation mediated by the Z boson) have not been included, since they are negligible.
Other annihilation products at one-loop include gluons and photons, (vi) gg, via s-channel Higgs exchange with a quark loop (mainly top, bottom and charm) and a squark loop;
(vii) γγ, Zγ, via a loop of H ± and s-channel Higgs exchange with a loop of quarks, W ± , H ± , charginos and sfermions.
Light RH sneutrino dark matter in the NMSSM
We have carried out a scan in the parameter space of this model in order to look for solutions with light RH sneutrino DM. The parameters of the model that determine the phenomenology of the RH sneutrino are varied in the ranges detailed in Table 1 . Out of convenience, we have split the scan in two regions in tan β, namely tan β = [4, 10] and tan β = [10, 20] . The rest of the input parameters have less impact on the RH sneutrino properties, but do affect the theoretical predictions for low-energy observables. Hence, they are considered Parameter Range tan β [4, 10] , [10, 20] We have implemented this construction in CalcHEP 3.4.3 [69] model files so that we can calculate the RH sneutrino relic abundance with micrOMEGAs 3.2 [70] . We use NMSSMTools 4.0.0 [71] [72] [73] to compute the NMSSM mass spectrum, the masses of Higgs bosons including full two-loop contributions, and the relevant low-energy phenomenology observables. In order to refine our exploration of the parameter space, we have linked those codes with MultiNest 3.0 [74, 75] . To that end, we have built a likelihood function, whose parameters are the CDM relic density, m h 0 SM , BR(B s → µ + µ − ), and BR(b → sγ), which are taken as gaussian probability distribution functions around the measured values with 2σ deviations. This likelihood function is used to generate MCMC chains and to find regions of the parameter space that maximise the likelihood. Using MultiNest allows us to scan the parameter space of the model more efficiently, since relatively few evaluations are needed to converge to regions of maximum likelihood.
Experimental constraints
Low-energy observables have an important impact in the allowed regions of the NMSSM sector. We have implemented the recent measurement of the branching ratio of the B s → µ + µ − process by the LHCb [76] and CMS [77] collaborations, which collectively yields 1.5 × 10 −9 < BR(B s → µ + µ − ) < 4.3 × 10 −9 at 95% CL. This experimental constraint is relatively easy to fulfil in our analysis since it depends on the mass of the second pseudoscalar, m A 0 2 > ∼ 500 GeV, and tan β, which is moderately large, < ∼ 20. Even if the lightest pseudoscalar can be very small in our scan, it is an almost pure singlet, thereby not inducing new contributions to BR(B S → µ + µ − ). For the b → sγ decay, we have considered the 2σ range 2.89 × 10 −4 < BR(b → sγ) < 4.21 × 10 −4 , which takes into account theoretical and experimental uncertainties added in quadrature [78] [79] [80] [81] [82] . The effect of this constraint on the NMSSM parameter space can be rather severe for small values of tan β [84, 85] . Then, we have set the values of the squark sector (mainly the sbottom mass parameters and A b ) in such a way that this bound is satisfied. In addition, we have imposed 0.85 × 10 −4 < BR(B + → τ + ν τ ) < 2.89 × 10 −4 [83] .
Concerning the muon anomalous magnetic moment, experimental results using e + e − data show a discrepancy with the SM prediction [86] [87] [88] [89] [90] that can be interpreted as a hint of SUSY. From e + e − data the SUSY contribution is constrained to be 10.1 × 10 −10 < a SUSY µ < 42.1 × 10 −10 at 2σ, although tau data suggest a smaller discrepancy, 2.9 × 10 −10 < a SUSY µ < 36.1 × 10 −10 at 2σ [89] . A recent update using the Hidden Local Symmetry (HLS) model leads to the combined (e + e − + τ ) result 16.5 × 10 −10 < a SUSY µ < 48.6 × 10 −10 at 2σ [91] . In our analysis we will quote these three ranges. To ensure a sizable contribution to this observable we have fixed the values of slepton soft masses m L = m e c = 300 GeV near their experimental lower limit. Also, large tan β regions are favoured by this constraint. It is worth noting that the computation of the low-energy observables is performed as in the NMSSM, since there is no significant contribution from the RH sneutrino sector.
Regarding the Higgs sector, we have imposed the presence of a SM-like Higgs, in the mass range 123 − 128 GeV. In our scan the SM-like Higgs corresponds to the second mass eigenstate, H 0 2 , as a lighter singlet-like state H 0 1 is needed to couple to RH sneutrinos without violating experimental bounds. In order to maximise one-loop contributions to the SM-like Higgs mass, we have set large values for the squark soft masses, m Q, u c ,d c , the gluino mass term, M 3 and the top trilinear parameter, A t . For the reduced signal strength of the Higgs to di-photon mode, R γγ , we have used 0.23 ≤ R γγ ≤ [45] [46] [47] [48] [49] [50] [51] . Finally, we have required the lightest sneutrino to be the lightest supersymmetric particle (LSP) and set an upper bound on its relic abundance, ΩÑ 1 h 2 < 0.13, consistent with the latest Planck results [92] . Besides, we have considered the possibility that RH sneutrinos only contribute to a fraction of the total relic density, and set for concreteness a lower bound on the relic abundance, 0.001 < ΩÑ 1 h 2 . To deal with these cases, the fractional density, ξ = min[1, ΩÑ 1 h 2 /0.11], will be introduced to account for the reduction in the rates for direct and indirect searches (assuming that the RH sneutrino is present in the DM halo in the same proportion as in the Universe). We will investigate the effect of the recent bounds that can be derived from direct and indirect dark matter searches in Sections 3.4 and 3.3 respectively. More specifically, we will apply the LUX [17] , CDMSlite [18] , and SuperCDMS [19] upper bounds on the RH sneutrino scattering cross-section off nucleons. With respect to indirect detection, we will take into account the upper constraints on the gamma ray flux from RH sneutrino annihilation cross-section set by Fermi LAT data [29, 30] .
Annihilation channels
Reproducing the correct relic abundance is generally very complicated for light DM candidates, since many annihilation channels are not kinematically open. On top of this, the recent constraints on the Higgs sector limit the coupling of the SM Higgs to light DM particles (since they contribute to the Higgs invisible branching ratio), preventing them from having a sufficiently large annihilation cross-section. This is particularly important in models with only the SM Higgs or in which the lightest Higgs is SM-like (such as in the case of the neutralino in the MSSM).
These difficulties are easy to overcome in our model. First, the Higgs sector in the NMSSM is extended and offers the possibility of having a light singlet-like Higgs which can contribute significantly to the DM couplings with SM particles while simultaneously presenting a 126 GeV Higgs boson with SM couplings [95] . . Black circles correspond to the points excluded by the Fermi LAT bounds from dSphs on the RH sneutrino annihilation cross-section. Points corresponding to different annihilation channels are shown separately in Fig. 10. displays the mass of the lightest pseudoscalar Higgs as a function of the RH sneutrino mass.
The colours in these plots indicate the various possible annihilation final states and point towards a rich phenomenology. We have identified the following possibilities,
• bb (grey): It is driven by a s-channel Higgs exchange and it is the most common annihilation final state for very light sneutrinos since the b-quark Yukawa coupling dominates over the other couplings.
• τ + τ − (red): This channel is generally dominant when the bb final state is closed, i.e. when mÑ
• cc (green): This final state prevails in those regions of the parameter space in which the lightest Higgs is predominantly singlet-like and its composition is such that |S 2
• gg (violet): This channel is subject to the same conditions as the previous one, but additionally it requires m H 0 1 80 GeV. Otherwise, since it is driven by a top quark loop, it is suppressed with respect to the cc final state. Both cc and gg channels are • A 0 1 A 0 1 (cyan): A very light CP-odd Higgs is also viable in the NMSSM, provided that its singlet component is large as well. When this channel is kinematically allowed, it easily prevails unless the channel H 0 1 H 0 1 is open.
• Coannihilation with the lightest neutralino (orange): This happens when mÑ 1 ≈ mχ0
1 . Notice, that the lightest neutralino can also be very light in the NMSSM if it is mostly bino or singlino. However, since it also contributes to the invisible decay of the SM Higgs, its couplings are constrained. In our scan, co-annihilation effects are important for a small population of points with mÑ The plots on the right-hand side of Fig. 1 and Fig. 2 incorporate also the constraints from LUX, CDMSlite, SuperCDMS on σ SĨ N 1 p , i.e., points that do not fulfil this bound have been . Black circles correspond to the points excluded by the Fermi LAT bounds from dSphs on the RH sneutrino annihilation cross-section. The colour code is the same as in Fig. 1. removed. As we can observe, this has an important effect in some channels. In the case of bb, most of the points with mÑ 1 > ∼ 7 GeV are excluded and only those which satisfy the resonance condition with the lightest Higgs remain (direct detection bounds are less severe for masses below 7 GeV). Other channels are less affected by these bounds, such as points in which the main annihilation channel is A 0 1 A 0 1 and those with resonant annihilation (cc and gg). As we will argue in Section 3.4, the resulting RH sneutrino scattering cross-section for + e − data, and the combined result using the HLS model, respectively. All the experimental constraints, including those from direct and indirect DM searches, have been applied and the colour code is as in Fig. 1. these points is small, below current direct detection bounds.
Finally, black circles on the right-hand side of Fig. 1 and Fig. 2 denote the points for which the RH sneutrino annihilation cross-section exceeds the upper constraints obtained from Fermi LAT observations of the gamma ray flux of dwarf spheroidal galaxies. This bound excludes points with resonant annihilation and many of the points with low mass (but not all). We will study the effect of this limit in more detail in Section 3.3.
In order to illustrate the effect of all the experimental bounds, including those from direct searches, on the initial parameter space, we show in Fig. 3 the scatter plots in the (λ, κ), (µ, tan β), (A κ , A λ ), and (A λ N , λ N ) planes 3 . These plots show that wide areas of the parameter space are viable. Nevertheless, a slight preference for small values of λ and, especially, κ, in order to obtain a light singlet-like CP-even Higgs, is observed. Small values of κ and |A κ | also lead to a light pseudoscalar Higgs and we can notice that |A κ | < 10 GeV is necessary so that the A 0 1 A 0 1 channel is open and dominant(cyan points). Note that if tan β increases the µ parameter decreases.
Finally, in Fig. 4 we represent the theoretical predictions for a SUSY µ as a function of tan β for the points passing all the experimental constraints, including also those from indirect and direct dark matter searches. Being this an observable that favours low mass SUSY, its implications are in general in tension with the predictions of SUSY models when the bound on the Higgs mass is imposed, as it has been pointed out in previous analyses [96, 97] . However, in our construction we can observe that the predicted contribution to the SM value, despite small, is consistent with the current experimental constraints from tau data, and for tan β > ∼ 10 also with the results from e + e − . Compatibility with the region obtained using the HLS model can be achieved for tan β > ∼ 16.
Indirect Detection
The analysis of the gamma ray spectrum from the Galactic Centre and from dwarf spheroidal galaxies by the Fermi LAT collaboration has shown no clear signal that can be attributed to dark matter. These analyses have been used to extract upper constraints on the DM pair annihilation cross-section in pure channels that can be interpreted as a lower bound on thermal DM candidates [29, 30, 32, 33] (i.e., those for which the annihilation cross-section in the Early Universe is σv ∼ 3 × 10 −26 cm 3 s −1 ). These constraints are channel dependent, for example, data from dSph galaxies implies m DM 11.3 GeV for the bb channel [33] . In the case of the GC, the extracted bounds are comparable if the emission from known point sources and from the Galactic disk is subtracted [23, 31] . Nevertheless, without assuming a background model, the bounds are significantly less stringent unless compressed DM profiles are considered [32] . Finally, limits have also been derived from an analysis of the Andromeda galaxy [39] and studies of the diffuse gamma ray emission in our Galaxy [34] [35] [36] [37] [38] . We will consider only the bounds from dSphs data obtained in Ref. [33] , since these are currently the strongest ones obtained by the Fermi LAT collaboration.
It should be emphasised that when uncertainties associated with the dark matter density profiles of dSph galaxies are included, the resulting constraints on σv 0 can vary up to an order of magnitude [29] . For this reason, even though in our analysis we apply this bound at face value, we have preferred to indicate explicitly the disfavoured points instead of removing them from our plots.
On the other hand, antimatter searches in cosmic rays are also suitable to constrain DM annihilation in the galactic halo. Measurements of the antiproton flux performed by the PAMELA satellite [98, 99] agree very well with the expected astrophysical background. Consequently, these observations can be used to set bounds on the annihilation cross-section of light dark matter in hadronic channels. The resulting limits are comparable to those from Fermi LAT on dSphs, although bb and cc final states are especially constrained below 40 GeV for the most probable set of parameters [100] . Even if these results are more stringent, they are extremely sensitive to the model that describes the propagation of antiprotons in the . The colour code is as in Fig. 1 . Points corresponding to different annihilation channels are shown separately in Fig. 12 .
Galaxy. In fact, if we take into account the uncertainty in the parameters describing these models, the bounds can be modified up to about an order of magnitude so that the bb and cc channels might move from a non-constrained region to one with stringent bounds.
Lastly, searches for spectral features in the AMS positron fraction data [101] have been used to derive upper limits on σv 0 for leptonic channels [102] . Since the bound on the τ + τ − channel is placed above ∼ 20 GeV, these findings do not exclude any point in our data set.
In Fig. 5 , we show the thermally averaged RH sneutrino annihilation cross-section in the galactic halo, ξ 2 σv 0 as a function of the RH sneutrino mass, where ξ is the fractional density previously defined. The entire set of points fulfil all the experimental constraints and reproduce the right relic abundance. The plot on the right-hand side also incorporates the limits from direct detection experiments.
As in the previous figures, black circles indicate the points for which the RH sneutrino annihilation cross-section exceeds the Fermi LAT constraint. It should be noted that upper bounds on σv 0 are derived for pure channels. Although in our analysis we do not obtain pure annihilation channels (but a mixture of various), we have implemented the corresponding constraint when the contribution of a specific channel was dominant over the others. For the Figure 6 : Thermally averaged RH sneutrino annihilation cross-section in the galactic halo as a function of the RH sneutrino mass. From left to right, the three panels show different ranges in the RH sneutrino relic abundance, the leftmost one being in agreement with Planck results. All the experimental constraints are included, together with the bounds from direct detection experiments and Fermi LAT data on dSphs. The colour code is as in Fig. 1 .
, and gg channels we consider the same limit as for bb. On the other hand, for a 10 GeV DM particle, the primary gamma ray spectra for the τ + τ − and cc final states above 1 GeV are very similar [103] and the inverse Compton contribution is negligible for dark mater masses below 500 GeV in the energy range observed by the Fermi satellite [32] . Consequently, at first order we will apply the bounds for τ + τ − to the cc final states.
As it is illustrated in Fig. 5 , Fermi LAT constraints compromise a small region of the allowed parameter space, but its effect is particularly severe for light masses. In particular, many of the examples with τ + τ − and cc final states become disfavoured for this reason. In some cases, the predicted flux is several orders of magnitude below the current experimental sensitivity. These points correspond to those in which RH sneutrino annihilation proceeds through a resonant s-channel Higgs-mediated diagram mÑ
/2 or in which co-annihilation effects help to reduce the relic density. In these cases, the correlation between the annihilation cross-section in the Early Universe and in the DM halo is lost and the latter can be significantly smaller.
In Fig. 6 , we have separated the results for ξ 2 σv 0 according to the relic abundance of RH sneutrinos, displaying on the left panel the points in agreement with Planck results and in the other two panels examples in which the RH sneutrino would constitute only a fraction of the DM. The correct relic density can be obtained for most of the mass range (above mÑ 1 > ∼ 3 GeV), although many of the examples with light masses (mainly those with Table 2 : Sample points within the 5σ region consistent with the observed low-energy excess in the gamma-ray emission at the GC identified in the Fermi LAT data (see Fig. 10 and Table. IV in Ref. [26] ). For each point we indicate the RH sneutrino mass, thermally averaged annihilation crosssection, annihilation final states, and spin-independent elastic-scattering cross-section. The asterisk denotes an example compatible with the best fit point of Ref. [26] and two asterisks correspond to an example for Ref. [28] .
predominant annihilation into τ + τ − and cc) tend to predict a smaller ΩÑ 1 h 2 . On the other hand, it is noteworthy that there are numerous examples in which RH sneutrinos could be observable despite being underabundant.
Finally, notice that if the low-energy excess in the gamma ray flux from the Galactic Centre was confirmed, the analyses of Refs. [20] [21] [22] [23] [24] [25] 28] suggest that it could be explained by annihilation of light dark matter particles. The analysis of this excess in Ref. [26] favours DM with a mass in the range of around 8 − 65 GeV, annihilating preferentially to a mixture of τ + τ − and bb final states with σv 0 of order of the thermal relic value (see Fig. 10 and Table. IV in Ref. [26] ). Several particle physics solutions have been proposed in this mass range [54, [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] . In Table 2 , we show some examples of the RH sneutrino parameter space with dominant bb annihilation inside the 5σ confidence region derived in Ref. [26] , as well as an example for the best-fit point. Findings in Ref. [26] are in agreement with the results of a recent work, which favours 31−40 GeV DM annihilating to bb with σv 0 = (1.4−2.0)×10 −26 cm 3 s −1 [28] . We also provide an example compatible with this range.
Direct Detection
Let us finally address the prospects for the direct detection of very light RH sneutrino dark matter. The interaction between RH sneutrinos and quarks can be described in terms of an effective Lagrangian, valid in the non-relativistic regime where collision takes place. In this case, there is only one Feynman diagram contributing at tree-level to this process, namely, the t-channel exchange of neutral Higgses, leading to a scalar coupling,
with 6) where
is the sneutrino-sneutrino-Higgs coupling [61] , Y q i is the corresponding quark Yukawa coupling, and i labels up-type quarks (i = 1) and down-type quarks (i = 2). The resulting spin-independent part of the sneutrino-nucleon elastic scattering cross-section reads
where m p is the proton mass, and f p is defined in terms of the hadronic matrix elements f
Expression (3.7) corrects a missing factor in Refs. [60, 61, 65] . Since the RH sneutrino is a scalar field, there is no contribution to the spin-dependent cross-section.
The theoretical predictions for ξσ SĨ
as a function of the RH sneutrino mass are depicted in Fig. 7 . As it was pointed out in Section 3.1, ξ is the RH sneutrino fractional density in the Galactic halo. We also show the most recent experimental upper constraints (solid lines) on the spin-independent scattering cross-section, as well as the regions compatible with the various hints for low-mass WIMPs. For reference, the predicted sensitivities of future experiments are also displayed. Finally, the dashed line represents the approximate band where neutrino coherent scattering with nuclei will begin to limit the sensitivity of direct detection experiments [118] .
In the plot on the left-hand side we have included all the experimental constraints detailed in Section 3.1, except the direct and indirect detection bounds. The predicted σ SĨ N 1 p spans many orders of magnitude for the whole range of RH sneutrino masses. Notice that it is possible to obtain points within the areas compatible with the hints for low mass WIMPs, and in particular within the CDMS II (Si) or CoGeNT regions 4 . . Black circles correspond to points for which the annihilation cross-section exceeds the Fermi LAT bounds on dSph galaxies. Points corresponding to different annihilation channels are shown separately in Fig. 13 .
On the right-hand side of Fig. 7 , we impose at face value the upper bounds on σ SĨ N 1 p from direct detection experiments 5 (LUX [17] , CDMSlite [18] , and SuperCDMS [19] ) As we can observe, there are plenty of points in the parameter space for the whole mass range that survive. Remarkably, the predictions spread over the entire area of the parameter space which will be covered by direct detection experiments in the future. These theoretical predictions motivate future direct searches with low threshold experiments, such as the proposed future phase of SuperCDMS.
As shown in Ref. [65] , there is in general a correlation between the WIMP annihilation cross-section in fermion-antifermion channels and the WIMP scattering cross-section off quarks that results from the crossing symmetry of the diagrams involved (and that is generic to any light DM candidate). This effect explains the points with large values of σ SĨ bb and cc channels. However, the correlation is broken if resonant effects are present in the annihilation cross-section, since the scattering cross-section does not present such resonances (and consequently can be much smaller). As already observed in Fig. 1 , the points that survive the direct detection constraints for the bb and cc channels are precisely those in which resonant annihilation takes place (when mÑ Finally, black circles on the right-hand side of Fig. 7 denote points for which the RH sneutrino annihilation cross-section exceeds the Fermi LAT bounds on dSph galaxies. Although this constraint is not very severe, we observe that it excludes some points which are not yet probed by direct detection. Its effect is more stringent for light WIMPs and many (but not all) of the solutions with mÑ 1 5 GeV can be excluded in this way. From the comparison of Fig. 7 and Fig. 5 we can notice that indirect detection can probe points which would be very difficult (or impossible) to test with direct detection, and vice versa. This perfectly illustrates the need for complementary techniques in order to explore the whole DM parameter space.
For clearness, and as a comprehensive summary of our results, we represent in Fig. 8 the theoretical predictions for σ SĨ N 1 p after all the constraints have been applied, including those from direct and indirect searches. The RH sneutrino in the NMSSM is therefore a very flexible candidate for light WIMP dark matter, that could account for future signals in this interesting mass region. Lastly, in Fig. 9 we have separated the results according to the relic abundance of RH sneutrinos. As already stressed in Section 3.3, many of the examples with mass below 5 GeV have a small relic abundance. Nevertheless, they could be observable in future direct detection experiments. We provide these results, including the dominant annihilation channels, as a data table available in [119].
Conclusions
We have investigated the viability of the RH sneutrino in the NMSSM as a candidate for light WIMP dark matter in the light of the recent experimental hints and constraints for this kind of candidates that arise from direct and indirect DM searches as well as from LHC data.
We have carried out a scan in the parameter space of the model, specifically looking for RH sneutrinos in the mass range 1 − 50 GeV that satisfy the upper limit on its relic abundance from Planck data. The most recent experimental constraints on low energy observables as a function of the RH sneutrino mass. From left to right, the three panels show different ranges in the RH sneutrino relic abundance, the leftmost one being in agreement with Planck measurements. All the experimental constraints are included, together with the bounds from direct detection experiments and Fermi LAT data on dSphs. The colour code is as in Fig. 1. have been incorporated. These comprise the branching ratios of the rare processes b → sγ, B S → µ + µ − , and B + → τ + ν τ , and the supersymmetric contribution to the muon anomalous magnetic moment, a SUSY µ . We have also taken into account the current lower bounds on the mass of SUSY particles. Regarding the Higgs sector, we have imposed the presence of a SM-like Higgs boson. The LHC measurements of the Higgs couplings lead to an upper bound on its invisible branching ratio, for which we consider BR(h 0 SM → inv) < 0.27. In order to reproduce the correct relic density while satisfying these bounds, the presence of a lighter singlet-like Higgs is needed. The extended structure of the NMSSM Higgs sector, together with the flexibility of the RH sneutrino parameters, make it possible to obtain viable RH sneutrino DM with a mass as light as 2 GeV.
We have computed the RH sneutrino annihilation cross section in the galactic halo, σv 0 , and confronted it with the constraints that can be derived from Fermi LAT observations of the gamma ray flux from dwarf spheroidal galaxies. A small part of the parameter space is disfavoured by this bound, mostly corresponding to τ + τ − , bb, and cc final states in RH sneutrino annihilation. Interestingly, we have also obtained specific examples where the RH sneutrino can have a mass mÑ 1 = 8−50 GeV and annihilate mostly into bb, thereby accounting for the apparent low-energy excess in the gamma-ray emission at the GC identified in the Fermi LAT data. 
